The efficacy of seashells as a new adsorbent for removal of phenol from aqueous solutions was studied by performing batch equilibrium tests under different operating parameters such as solution pH, adsorbent dose, initial phenol concentration, and temperature. The phenol removal efficiency remained unaffected when the initial pH of the phenol solution was in the range of 3-8.
INTRODUCTION
In the past few decades, the rapid pace of industrialization, population expansion, and unplanned urbanization have contributed greatly to the severe pollution of water bodies and surrounding soils (Bhatnagar & Sillanpaa ) . The main sources of freshwater pollution can be attributed to discharge of untreated toxic industrial wastes and dumping of industrial effluents (Ahmaruzzaman & Gupta ) . of its large surface area, micro-porous nature, high adsorption capacity, high purity and easy availability (Hameed & Rahman ). However, its high initial cost and the need for a costly regeneration system make it less economically viable as an adsorbent. It is therefore important to search for a low cost and easily available adsorbent for removal of phenol from aqueous media.
Seashells have fascinated people ever since they first washed up on the shore. They are still popular with beachgoers even today. A seashell is the hard, protective, outer layer of a marine mollusc. A shell is usually made of outer layers of proteins, followed by an intermediate layer of calcite and a smooth inner layer of platy calcium carbonate crystals (Narayanan et al. ) . Shells very often wash up onto a beach empty and clean, the animal having already died, and the soft parts having rotted away or having been eaten by predators or scavengers (Chowdhury & Saha ) . With hundreds of miles of shorelines throughout the world, it is not difficult to find seashells accumulated on beaches. Seashells have important functional groups such as -CH 2 , -OH, ÀCO 3 , and ÀPO 4 which make them effective adsorbents for removal of organic and inorganic pollutants from wastewater streams of industries (Chowdhury & Saha ) . In our previous study, seashells showed remarkable efficiency for the removal of basic dye from aqueous solution (Chowdhury & Saha ) . In this work, the suitability of seashells for phenol adsorption was assessed employing a batch experimental setup. The effect of parameters like solution pH, adsorbent dose, adsorbate concentration and temperature was studied. The Langmuir and Freundlich isotherm models were used to describe the equilibrium data. The adsorption mechanism was also evaluated in terms of kinetics and thermodynamics.
MATERIALS AND METHODS

Adsorbent
Shells from bivalve molluscs that most commonly wash up on large sandy beaches were used in this study. The seashells were collected from the beaches of Puri, Orissa, India. The shells were thoroughly washed with distilled water to remove sand, dirt and any unwanted particles. The wet shells were then spread on a stainless steel tray and dried in an oven at 383 ± 1 K for 24 h. The shells were then crushed and ground using a ball mill and sieved to retain the <250 μm mesh size for adsorption studies.
Chemicals
Phenol (C 6 H 5 OH; λ max : 270 nm) used in this study was of analytical reagent grade and was obtained from Sigma-Aldrich (India). Double-distilled water was used in all the experiments.
Batch adsorption studies
Batch adsorption experiments were conducted in 250 mL glass-stoppered, Erlenmeyer flasks with 100 mL phenol solution (of desired concentration and pH). A weighed amount of adsorbent was added to the solution. The flasks were agitated at a constant speed of 150 rpm and at a constant temperature in an incubator shaker (Innova 42, New Brunswick Scientific, Canada) until they reached equilibrium.
The residual phenol concentration was determined using UV/VIS spectrophotometer (U-2800, Hitachi, Japan).
The effects of pH (3-10), adsorbent dose (0.5-5 g), initial phenol concentration (20-100 mg L À1 ) and temperature (293-303 K) were investigated during the present study. In order to ensure the accuracy, reliability and reproducibility of the collected data, all adsorption experiments were performed in triplicate, and the mean values were used in data analysis. Relative standard deviations were found to be within ±3%.
The amount of phenol adsorbed per unit adsorbent (mg phenol per g adsorbent) was calculated according to a mass balance on the phenol concentration using Equation (1):
where C 0 is the initial phenol concentration (mg L À1 ), C e is the equilibrium phenol concentration in solution (mg L À1 ),
V is the volume of the solution (litres), and m is the mass of the adsorbent in grams.
The percentage phenol removal was calculated using the following equation:
RESULTS AND DISCUSSION
Adsorbent characterization
The BET (Brunauer, Emmett and Teller) surface area, total pore volume and average pore diameter of the adsorbent were determined by N 2 adsorption/desorption measurements (NOVA 2200, Quantachrome Corporation, USA)
and were found to be 3.6 m 2 g À1 , 0.0065 cm 3 g À1 and 38 Å, respectively. The Fourier transform infrared spectroscopy and scanning electron microscopy analysis of the adsorbent has been previously reported (Chowdhury & Saha ) .
Effect of pH
To investigate the effect of solution pH on the adsorption of phenol by seashells, a series of batch adsorption experiments as described above was carried out over a pH range of 3-10. The results thus obtained are shown in This may be due to the decrease in total adsorption surface area available to phenol molecules resulting from Effect of initial phenol concentration 
Adsorption isotherms
Equilibrium adsorption isotherms provide the most important information in understanding an adsorption process.
Therefore, in the present study, the experimental equilibrium data obtained by performing batch adsorption tests at different temperatures were fitted to the Freundlich, Langmuir and Dubinin-Radushkevich (D-R) adsorption isotherms.
The Freundlich model is described as (Freundlich ) :
where q e (mg g À1 ) is the equilibrium adsorbate concentration on the adsorbent, C e (mg L À1 ) is the equilibrium adsorbate concentration in solution, K F (mg g À1 ) (L g À1 ) 1/n is the Freundlich constant related to adsorption capacity and n is the heterogeneity factor.
The Langmuir isotherm can be written as (Langmuir ):
where q m (mg g À1 ) is the maximum adsorption capacity and K L (L mg À1 ) is the adsorption equilibrium constant.
The D-R isotherm model has the following formulation (Dubinin & Radushkevich ) :
where β is a coefficient related to the mean free energy of adsorption (mmol 2 J À2 ), ε is the Polanyi potential (J mmol À1 ),
R is the gas constant (8.314 J mol À1 K À1 ) and T is the temperature (K).
The Freundlich model constants K F and n were determined from the intercept and slope of the plots between log q e and log C e while the Langmuir model parameters q m and K L were calculated from the intercept and slope of the plots between 1/q e and 1/C e . The model parameters and constants thus obtained along with the correlation coefficients (R 2 ) are listed in Table 1 . The low R 2 values for the Freundlich model suggest that this model was not suitable for 
The magnitude of E may characterize the adsorption process as chemical ion-exchange (E ¼ 8-16 kJ mol À1 ) or physisorption (E < 8 kJ mol À1 ) (Chowdhury & Saha ) .
In the present study, the values of E are >8 kJ mol À1 at all temperatures ( Table 1) , implying that adsorption of phenol by seashells involves chemical ion-exchange. Table 2 , it is evident that seashell has higher phenol adsorption capacity than many of the other reported adsorbents. Thus, it seems that seashells can be considered as an efficient and lowcost alternative adsorbent for removal of phenol from wastewater streams of industries.
Adsorption kinetics
The pseudo-first-order and pseudo-second-order kinetic models were applied in this study to investigate the reaction pathway and potential rate-limiting step of adsorption of phenol onto seashells. The pseudo-first-order kinetic model has the following formulation (Ho ):
where q e (mg g À1 ) is the equilibrium adsorbate concentration on the adsorbent, q t (mg g À1 ) is the amount of adsorbate adsorbed at time t and k 1 (h À1 ) is the pseudofirst-order rate constant. A plot of ln(q e À q t ) versus t gives a straight line, with the slope and intercept giving the values of k 1 and q e , respectively.
The pseudo-second-order kinetic model is expressed by the following equation (Ho & McKay ) :
where k 2 (g mg À1 h À1 ) is the pseudo-second-order rate constant. The constants k 2 and q e can be calculated from the intercept and slope of the linear plot of t/q t versus t. . These findings suggest that the adsorption of phenol by seashells was in accordance with pseudo-secondorder kinetics and that the overall rate of phenol adsorption was controlled by a chemical process (Ho & McKay ) .
In a well-agitated batch adsorption system, there is a possibility of intraparticle pore diffusion of adsorbate ions, which may be the rate-limiting step. Therefore, the possibility of intra-particle diffusion resistance affecting the adsorption process was explored by using the intra-particle diffusion model (Weber & Morris ) .
where k i (mg g À1 min À0.5 ) is the intraparticle diffusion rate constant.
According to Equation (9), if a plot of q t versus t 0.5 is linear and passes through the origin, then intraparticle diffusion is the sole rate-limiting step. However, if the data exhibit multi-linear plots, then the process is governed by two or more steps. In the current investigation, the plots of q t versus t 0.5 for adsorption of phenol onto seashells at different temperatures were multimodal with three distinct regions representing the different stages in adsorption: an initial curve portion followed by a linear portion and then a plateau. The initial curved region is attributed to the external surface adsorption in which the adsorbate diffuses through the solution to the external surface of the adsorbent.
The second stage relates the gradual uptake reflecting intra- 
where k is the rate constant, A is the Arrhenius constant, E a is the activation energy (kJ mol À1 ), R is the gas constant (8.314 J mol À1 K À1 ) and T is the temperature (K).
By plotting ln k 2 versus 1/T, E a was determined from the slope of the linear plot and was found to be 51.38 kJ mol À1 .
The magnitude of E a may give an idea about the type of adsorption. There are two main types of adsorption: physical and chemical. E a for physical adsorption is usually less than 40 kJ mol À1 , since the forces involved in physical adsorption are weak. Higher values represent chemical reaction processes as chemical adsorption is specific and involves forces much stronger than those in physical adsorption (Saha et al. ) . The value of E a in the present study suggests that adsorption of phenol by seashells is a chemical adsorption process.
The thermodynamic parameters such as Gibbs free energy change (ΔG 0 ), enthalpy (ΔH 0 ) and entropy (ΔS 0 ) were calculated using the following equations (Chowdhury & Saha ):
where R is the universal gas constant (8.314 kJ mol À1 ), T is the temperature in K, K C is the distribution coefficient for adsorption, C a is the equilibrium adsorbate concentration on the adsorbent (mg L À1 ) and C e is the equilibrium adsorbate concentration in solution (mg L À1 ). The values of ΔG 0 for adsorption of phenol by seashells are listed in Table 3 . The values of ΔH 0 and ΔS 0 obtained from the slope and intercept of the plot of ΔG 0 as a function of T are also summarized in Table 3 . The ΔG 0 values are negative, suggesting that the adsorption process is feasible and spontaneous in nature.
The negative value of ΔH 0 implies that the adsorption phenomenon is exothermic. The negative value of ΔS 0 suggests that the process is enthalpy driven.
CONCLUSION
In this study, powdered seashell was tested as an alternative adsorbent for removal of phenol from aqueous solution by performing batch equilibrium tests. The following conclusions are made based on the results of the present study:
• The adsorption capacity decreases with increasing temperature while it increases with increasing initial phenol concentration.
• The adsorption efficiency remains unaffected when the initial pH of the phenol solution is in the range of 3-8.
• The Langmuir isotherm adequately describes the adsorption equilibrium data, suggesting monolayer adsorption on a homogeneous surface.
• The results of kinetic study show that the pseudo-secondorder model fits well to the experimental adsorption data.
• Thermodynamic studies demonstrate the feasible, spontaneous and endothermic nature of adsorption of phenol by seashells.
• The results suggest that seashells can be used as an efficient low-cost adsorbent for removal of phenol from wastewater.
• To date, it is the first report on utilization of seashells as adsorbent for removal of phenol from aqueous medium. ΔH 0 (kJ mol À1 ) ΔS 0 (J mol À1 K À1 ) À21.65 À18.32 À15.97 À107.63 À284.19
